Immunogold-silver staining is a sensitive staining technique that enables the visualisation of the presence of individual antigens by conventional light microscopy. The application of this method to detect the antigenic heterogeneity of bacterial surface components and also the localisation of intracellular or extracellular bacteria is described. The latter application involved selective immuno-silver staining of the extracellular bacteria and counterstaining of the intracellular bacteria and the eukaryotic cells by crystal violet. The efficacy of the assay was confirmed by transmission electronmicroscopy of the silver-stained specimens. Immunogold-silver staining was shown to be useful for studying bacterial antigen variation and the uptake of bacteria by eukaryotic cells.
Introduction
Immunogold-silver staining (IGSS) is a sensitive immunological staining technique in which antibodies bound to specific antigens are marked with a gold probe, and silver is precipitated on to the gold spheres.' The method is being employed increasingly for the demonstration of antigens on intact eukaryotic cells,* in tissue sections3y4 and also in immunoblotting.' In the field of microbiology, the phenotypic variation of surface-exposed antigens and the uptake of bacteria by both professional and non-professional phagocytes are important aspects of studies on the pathogenesis of bacterial infections. In this report, we describe two applications of the silver staining technique which may be of great value in these areas of research. One application is based upon the extreme sensitivity of IGSS that allows visualisation by light microscopy of single epitopes on individual bacteria. Therefore, IGSS can be used to identify bacteria on the basis of their antigenic properties and it can be applied to studies of the heterogeneity and immuno-accessibility of antigens among bacteria of a single strain by conventional light microscopy. The same technique can also be adapted to study bacterial entry into mammalian cells. In this application, based on the impermeability of the eukaryotic plasma membrane to antibodies and the gold-labelled conjugate, extracellular bacteria are selectively immuno-silver stained and intracellular bacteria and eukaryotic cells are counterstained. Both methods have been developed in studies with Neisseria gonorrhoeae, which has a high frequency of antigen variation and a capacity to enter human epithelial cells.
Materials and methods

Bacterial strains and culture conditions
N . gonorrhoeae strain 830563 was isolated from a patient with disseminated gonococcal infection; 12 other strains were primary isolates from patients with local gonococcal infection (AM C/OLVG, Amsterdam). Strains of commensal Neisseria spp. (N. rnucosa, N . lacrarnica) were obtained from the Netherlands Reference Laboratory for Bacterial Meningitis, situated in our department. The strains were grown for 16 h on G C Medium Base (Difco) containing Vitox (Oxoid) 1% in a C0,-incubator (37"C, CO, 5%).
Cell culture
Chang conjunctiva epithelial cells (Flow Laboratories, Irvine, Ayrshire), HeLa cells (Department of Virology, University of Amsterdam) and HEC-1B cells (ATCC HTB 1 13) were grown on 12 mm circular coverslips in a 24-well (2 cm2 each) multidish (Nunclon, Kamstrup, Roskilde, Denmark) in Dulbecco's Modified Eagle's Medium supplemented with fetal bovine serum (Flow Laboratories) 5% at 37°C in a humidified atmosphere of C 0 2 5% in air. Primary cultures of human corneal epithelial cells were obtained as previously described,6 except that the corneal explants were allowed to adhere to the coverslips to enable outgrowth of the epithelium on to the glass surface.
Infection of the epithelial cells
The bacteria were suspended in 5 ml of Dulbecco's phosphate-buffered saline, pH 7.4 (PBS) to a concentration of lo8 cfu/ml and 50 p1 of this suspension were added to each cup of the 24-well tissue culture plate. After 3 h (37"C), unattached micro-organisms were removed by washing the cells three times with PBS. Fresh medium was added and the cells were incubated for up to 16 h. At appropriate times, the medium was discarded and the cells were washed three times with PBS, fixed in PBS containing glutaraldehyde (GA) 0.1 % and paraformaldehyde (PFA) 1% for 30 min at 20"C, and stored in 50 mM Tris-HC1 buffer, pH 7.4.
Immunogold-silver staining
The IGSS procedure is outlined in the table. Coverslips coated with bacteria and air-dried, or carrying infected epithelial cells, were fixed and incubated with an appropriate dilution of antiserum in a 24-well tissue culture plate. After washing to remove unbound antibodies, gold-conjugated protein A (10-nm gold particles, prepared according to the method of Slot and Geuze') (protein A-Au) was added to label the antibodies. After incubation with the gold probe, the specimens were washed and physical developer was added which resulted in reduction of silver ions and precipitation of silver on to the bound gold particles. The silver enhancement process was stopped by rinsing with water and the coverslips were stored at 4°C in Tris buffer.
The developer was essentially prepared as described by Danscher' : 60 ml of Acacia powder (BDH Chemicals, Poole) 25%, cleared by centrifugation at 25 000 g (1 h, 20°C) and 100 000 g (1 h, 20°C) were mixed with 10 ml of citrate buffer (citric acid monohydrate 25.5 g + sodium citrate dihydrate 23.5 g/100 ml of water) and 15 ml of reducing agent (hydroxyquinone 5.66 g/100 ml of water). Immediately before use 15 ml of silver ion solution (silver lactate 0.1 1 g in 15 ml of water) were added and the solution was protected from light. The mixture was freshly prepared but stock solutions of Acacia powder can be kept at -20°C for at least one year. Several blocking steps were included in the protocol to reduce non-specific binding of the antibodies and the gold probe (table) . When isolated bacteria were probed, the coverslips were pre-coated with tissue culture medium (2 h, 37°C) to reduce background staining.
Analysis of the immuno-accessibility of antigenic determinants on isolated bacteria was performed with bacteria in suspension, because fixation and air-drying of the bacteria on coverslips might influence antigen HOPMAN AND J. F. L. WEEL Table. IGSS procedure for extracellular bacteria 1.
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10. 11. 12. 13. exposure. The suspended bacteria (5 x lo6 cfu/ml in tissue-culture medium) were incubated with the appropriate dilution of antiserum (30 min, 37°C) in 1-ml Eppendorf vials. After centrifugation at 10 000 g for 3 min to remove unbound antibodies, the bacteria were resuspended in a solution of protein A-Au. After removal of the unbound gold particles by centrifugation at 10 000 g for 3 min, the cells were allowed to dry on pre-coated coverslips, fixed and silver stained.
Immunological reagents
The gonococci were stained with either monoclonal antibodies (MAbs) (produced as described by Tam et 01.') or polyclonal sera. The specificity of the antibodies was determined by gel-immuno-radio-a~say.~ The polyclonal sera were obtained from The Netherlands Reference Laboratory for Bacterial Meningitis. They were raised by immunising rabbits with the meningococcal reference strains 2396 (NG :2c:P1.2:L6) and M990 (B :6:P1.6:L6). In staining the commensal Neisseria spp., a mixture of polyclonal rabbit antisera raised against N . meningitidis group X (reference strain) and strain M98 1 (B :4 :P 1 .-:L4) was used. Although the polyclonal sera were raised against heterologous strains, they contained sufficient cross-reacting antibodies for silver staining of all cells of the test strains.
Counterstaining
The coverslips with the IGSS specimens were counterstained overnight with 2 ml of crystal violet (Bactocrystal violet C.I. 42555; Difco) 0.007% in distilled water. The stained specimens were stable in this solution for several months.
Light microscopy
The coverslips were examined by inverting them on to distilled wateron a microscope slide. A standard Olympus transmitted light microscope (model BH-2) with a 100 x objective lens was used to view the specimens. Micrographs were made with an Olympus OM-2 camera.
Electron microscopy IGSS specimens were prepared for electronmicroscopy as previously described. * The sections were viewed with a Philips EM 300 electronmicroscope at 60 kV.
Results
IGSS of isolated bacteria
The usefulness of IGSS in visualising bacterial antigens by light microscopy was examined by incubating gonococci ( N . gonorrhoeae strain 830563) with a major outer-membrane-protein (pI1)-specific MAb and protein A-Au, and then coating the specimen on to a coverslip. This procedure resulted in faint red staining of the bacteria. However, when silver was precipitated on to the gold grains, intense black staining of the gonococci was obtained that could easily be identified by light microscopy even at low magnification (200 x ) ( fig. 1 ). There was no immunostaining when a MAb with a different specificity was used, suggesting that there had been specific marking of the probed antigens. Interestingly, poststaining of the specimen with aqueous fuchsin 0.5% Fig. 1 . Light micrograph of gonococci after IGSS with a PIIspecific MAb and counterstaining with fuchsin ; some bacteria were immuno-stained (black-brown, i.e., dark; s) whereas another subpopulation was stained pink (i.e., pale; p). (Bar, revealed that the silver staining was restricted to a subset of the bacterial population ( fig. l) , demonstrating a variable surface expression of the probed pII epitope among the bacteria. When a MAb directed against a lipo-oligosaccharide (LOS) epitope was used to probe the cells, similar results were obtained, indicating that this LOS epitope also was not uniformly expressed among the bacterial population. LOS and pII antigens of N . gonorrhoeae are known to be subject to phenotypic variation. 9 * The selective immunostaining in the bacterial population was not seen with MAbs or polyclonal antisera that recognised conserved antigenic determinants on the bacteria. These findings indicate that IGSS can be applied to identify bacteria on the basis of their antigenic properties and to demonstrate antigen variation by light microscopy.
The IGSS-crystal violet assay
The successful silver staining of bacterial antigens made it possible to test IGSS as a first step in an immunocytochemical assay to enable localisation of bacteria inside or outside eukaryotic cells by light microscopy. Chang conjunctiva epithelial cells were infected with N . gonorrhoeae strain 830563 for various periods, fixed, and stained by the IGSS procedure with a polyclonal antiserum that had been shown to react with the entire test population of bacteria. Light microscopy of the IGSS-stained specimens revealed numerous cell-associated diplococci that were stained intensely black-brown on eukaryotic cells that showed no background staining when the procedure in the table was followed. Since both intact and GA-PFA fixed cells are impermeable to antibodies and conjugate, the IGSS-stained bacteria were thought to represent adherent extracellular gonococci.
To visualise the non-immuno-stained intracellular bacteria and the eukaryotic cells, it was necessary to use a counterstain. For satisfactory staining, the pH of the IGSS-treated specimen, which was very low after incubation with the developer, had to be raised by rinsing the cells with Tris-buffer (pH 7.4) for at least 1 h. Different stains were tested for their capacity to stain the intracellular bacteria. Loeffler's methylene blue, fuchsin, Giemsa, and methyl greenpyronin showed insufficient staining probably because of poor diffusion of the dye into the cells. However, counterstaining with a low concentration of crystal violet for at least 15 h was satisfactory. By light microscopy the bacteria appeared as deep violet diplococci with faint violet cytoplasm of the 5 F ) .
eukaryotic cells as background (fig. 2a) . The violet J. P. M. VAN bacteria were in focus at a different level from the silver stained bacteria and often seemed to be inside a vacuole, suggesting their intracellular localisation (cf. figs 2a and b). This impression was further strengthened by finding that the number of violet bacteria increased with the duration of the infection. In the early infection period (1-3 h), very few deep violet bacteria were observed, but after 16 h, as many as 50 violet bacteria/cell could be seen. Conclusive evidence for the efficacy of the method in differentiating between adherent and intracellular bacteria was obtained by electronmicroscopy of the IGSS-treated specimen; all the extracellular bacteria had several to many gold-silver particles on their membranes, whereas the intracellular bacteria did not contain any immunolabel (fig. 3) .
The more general applicability of the IGSScrystal violet method was demonstrated by screening several epithelial cell lines (HeLa, HEC-1B) and primary cultures of human corneal epithelial cells for extra-and intra-cellular bacteria after infection with 12 gonococcal and two commensal Neisseria strains. In all cell types, it was easy to locate the bacteria inside or outside the cells, although in HeLa cells the intracellular bacteria were sometimes less marked because of the rather intense violet staining of these cells. Fig. 4 shows the localisation of the bacteria in human corneal epithelial cells.
Discussion
Many bacteria, including the pathogenic neisseriae, show intrastrain variability with respect to the antigens that they expose on their surface.' ', l 3 This phenotypic variation may arise from antigenic heterogeneity or from a variable immuno-accessibility of the antigens. Knowledge of this phenomenon is important for improved understanding of the pathogenesis of infections and for vaccine development because such variation might serve as a means of escaping the host immune response or as an adaptation to the host cell environment.'* Sophisticated techniques for determining phenotypic variation amongst bacteria in a population of a single strain include : immuno-electronmicroscopy, ' immunofluorescence microscopy and fluorescence-activated cytometric analysis.' ' The results reported here demonstrate that IGSS is a sensitive method of achieving the same goal by conventional light microscopy. By using IGSS with specific MAbs to identify the antigen and fuchsin as counterstain, we were able to visualise by light microscopy conserved as well as variable surfaceexposed antigenic determinants amongst bacteria of a single strain. This finding, which might also prove to be valuable for the identification of bacteria in diagnostic laboratories, enabled rapid and simple screening for the presence and frequency of antigen variation in various environmental conditions.
Because of the high contrast of IGSS, this technique was considered to form a good basis for a simple assay to distinguish between adherent and internalised bacteria in studies on the uptake of bacteria into eukaryotic cells. For the development of a reliable assay several conditions must be achieved : (i) the antiserum should recognise all the extracellular bacteria with a minimum of nonspecific binding to the eukaryotic cells; (ii) the host cell membrane should remain impermeable to the antibodies and the conjugate; (iii) the morphology of the cells should be preserved to allow localisation of the bacteria; and (iv) the counterstain should diffuse freely into the cells, and should preferentially stain the intracellular bacteria. Our observations by light microscopy, confirmed by transmission electronmicroscopy, indicate that the combined use of IGSS to stain the adherent bacteria and crystal violet to stain the intracellular bacteria fulfils these requirements.
Hitherto various methodologies have been used to differentiate between extracellular and intracellular bacteria. These include plate counting of intracellular bacteria,' 59 ' the selective incorporation of radiolabel' ' and fluorescence microscopy. "-*' The first two methods are inappropriate for studying the bacterial entry process because they estimate intracellular survival rather than the internalisation of bacteria; furthermore, they provide no information about the interaction of bacteria and individual cells. The fluorescence microscopy assays are based on the selective fluorescence of extracellular and intracellular bacteria. In our experience, these methods were unsatisfactory because of dilution of the label when the bacteria began to multiply during the infection (fluorescence quenching method 8), non-specific staining (fluorescence incident light microscopy/ J . P. M. VAN PUTTEN, C. T. P. HOPMAN AND J. F. L. WEEL Nomarski differential interference contrast microscopy),2o or interference of the counterstain with the fluorescence-label on the adherent bacteria (indirect fluorescent-antibody assay). These problems are overcome by the use of the IGSS-crystal violet method which has the additional advantage of using conventional light microscopy.
For successful application of the IGSS technique in the identification of bacterial antigens by direct light microscopy, several technical points need to be addressed. (1) The extreme sensitivity of IGSS, which exceeds that of the classical immunoperoxidase staining by a factor up to might be reduced by non-specific binding of the antiserum or the gold probe; this background staining can be minimised by including one or more 'blocking' steps in the staining procedure (table) . (2) Fixation (e.g., air-drying) before immunostaining may interfere with the accessibility or preservation of the antigens, or with the permeability of the plasma membrane to antibodies and conjugate. Therefore, glutaraldehyde should be used with caution, because it damages membrane antigens, including epitopes on the gonococcal major outer-membrane protein pI1 (also Weel and van Putten, unpublished observations). This might result in sub-optimal IGSS when such antigens are probed. However, fixation is not required for IGSS; with a slightly modified IGSS procedure (replacement of PBST by tissue-culture medium and performing the whole procedure at 37"C), we obtained intense silverstained bacteria adherent to living eukaryotic cells. When fixation is desirable, e.g., to stop the interaction of bacteria and eukaryotic cells, the fixation procedure described has been proven to be suitable. (3) The choice of antibodies to label the bacterial antigens depends on the subject under study; to differentiate between extracellular and intracellular bacteria, it is essential that all adherent bacteria react with the antibodies. This can be achieved, as our results demonstrate, by using polyclonal antibodies or MAbs that recognise conserved epitopes. These antibodies are readily available and our polyclonal sera cross-reacted with the whole population of various Neisseria spp.
In conclusion, IGSS may prove to be a valuable method for identification of bacteria as well as for studying phenotypic variation of antigens amongst individual bacteria by virtue of its simplicity, its sensitivity and, particularly, its use of conventional light microscopy. Furthermore, the use of IGSS in combination with crystal violet enables studies on the entry of bacteria into eukaryotic cells. By quantitation of extracellular and intracellular bacteria it is possible to determine rate of uptake, differences in invasive properties between strains, and variation in susceptibility of host cells to bacterial entry.
